AbstractÐIn the present article we review applications of luminescence methods for the determination of the age of sediments for Quaternary Earth science.``Sediment'' is taken to include any mineral particles transported by wind, water and/or ice and subsequently deposited. Methodology is not discussed per se but appears in context. The emphasis is on recent work and is illustrative rather than exhaustive. Applications in archaeology are mentioned only brie¯y. Successful dating requires that the luminescence signal has been zeroed by sunlight at the time the sediment was laid down. Dune sands and loess transported in full daylight usually satisfy this condition and have been dated by both traditional thermoluminescence and by optical methods. Optical dating is advantageous for less well-bleached sediments, such as are found in colder climates and those laid down by¯uvial and glacial processes, although the prospects for dating the latter are shown to be poor. Among less common contexts are volcanic eruptions, earthquake faults and tsunami deposits. The dating of very young sediments, less than 2 ka, is demonstrated and the factors limiting the dating of very old sediments, 500 ka to 1 Ma, are discussed. Validation of any dating method by comparison with other methods is necessary; luminescence ages have been successfully compared with ages obtained by, for example, 14 C, U±Th series and d
INTRODUCTIONÐTHE SCOPE OF THE TOPIC
Readers of Shakespeare will recognise the context of the quotation at the head of this article: The Witches are engaged in a ritual which is designed to help them predict the future. Practitioners of luminescence dating share something in common with the Weird Sisters ± except that we are trying to predict the past. While we have the advantage of science-based know-how, the quotation reminds us that some of the approaches to the methodology of luminescence dating have had anities with this passage from Macbeth: the ingredients have not all been selected with full scienti®c rigour. Nevertheless, the application of luminescence dating to sediments is¯ourishing and, given judicious choice of methodology, can produce credible ages in a wide variety of contexts. It is the aim of this article to illustrate the possibilities, voice some reservations and point the way to where new work is required.
This article covers what is now the largest application of luminescence dating, certainly in variety and probably in absolute number of determinations, if we exclude the application to authenticity. We have taken sediments to include any mineral particles transported by wind and/or water and subsequently deposited. A few examples of the use of sediment dating to ®nd the age of something else are also included. Since methodology is discussed in a separate article (Wintle, this volume) this will be assumed and discussion will centre on particular issues as they arise, recognising that this implies prior or concurrent reading.
Luminescence dating began with thermoluminescence (TL) and was developed initially to ®nd the age of pottery. By extension it has been used for materials that had been heated directly, such as tephra, and to ®nd the ages of lava¯ows from heated underlying sediments.
The key step that led to the extension of luminescence dating to sediments was the recognition that exposure to photons in sunlight during transport had the capacity to optically reset the luminescence clock, in the same way that heating resets it (Shelkoplyas and Morozov, 1965 ).
An independent but related step was the recognition by Huntley that emission of light could be stimulated by optical means, and this has led to the development of optical dating methods (Huntley et al., 1985) . Typically, irradiation at H500 nm/2.5 eV leads to emission at wavelengths shorter than 400 nm/3.1 eV which can be isolated from the stimulating wavelength by optical ®lters. This is commonly known as OSL (optically stimulated luminescence). HuÈ tt et al. (1988) extended the range of stimulating wavelengths into the infrared (IRSL).
Technically, all optical stimulation should be described as``optical'', regardless of photon energy/ wavelength, but usage has hallowed the separate use of the terms OSL and IRSL. We shall usè`O SL'' where a general reference is called for and more speci®c terminology, e.g. GLSL (green light stimulated luminescence), where the occasion requires. In passing, we shall usually quote both wavelength and photon energy, the latter being in better accord with the physics of the processes involved.
The ®rst suggestion that sunlight would reset the TL of sediments, which could thus be dated by TL, appears to have come from Shelkoplyas and Morozov (1965) in the former USSR. This and other early Soviet work is reviewed by Dreimanis et al. (1978) who conclude that the Soviet work appears to have achieved satisfactory relative ages but not absolute ages. The lack of this work in readily accessible Russian sources or in translation makes it dicult to be sure, but we tend to agree with this judgement. However, this work did not become known outside the USSR until after Huntley (1979, 1982) had recognised the possibility and developed practical methods for its use.
A number of reviews dealing with the application of luminescence methods to the dating of sediments has appeared in the past year or so; and others are known to be in preparation. For this reason, the present article will not attempt to be exhaustive. Reviews are listed under that heading in Appendix A. The most recent are those of Wintle (1994) , Berger (1995) and Duller (1996b) . In general we shall not attempt to repeat the coverage of these three reviews. Rather, we shall comment on a few issues of most recent current interest, in the context of what is possible, with some analysis of limitations.
Most applications are in age determinations for Quaternary Earth science. Applications in archaeology are dealt with in a separate article (Roberts, this volume) . In fact, as we have often pointed out, in the ®eld of sediment dating any answer to a question posed by an archaeologist is likely to also be of interest to a Quaternary Earth scientist. This is particularly true for the more ancient Quaternary landscapes found in Australia or Africa.
The reference list makes no claim to be exhaustive. For a comprehensive current-awareness coverage of all aspects of luminescence dating, including its scienti®c base, applications, and articles in which age determinations are included, we commend the Bibliographies compiled by Wintle and published in Ancient TL from time to time.
Luminescence dating has already been applied to a remarkable range of sediments. We have divided this paper into the following sections:
1. Introduction ± the scope of the topic 2. Tests, comparisons and validation 3. Wind-blown dunes and similar associations 4. Loess 5. Water-laid deposits 6. Icy environments 7. Tephra and other heated materials 8. Some imaginative applications 9. How old and how young? 10. Perspectives, problems and prospects
TESTS, COMPARISONS AND VALIDATION
In testing a new dating method, validation against independent ages is a necessary step. Further, in dating a given site the value of ages obtained by any dating method is enhanced by parallel measurements with a dierent method or methods. Sites where this is possible are to be valued for the comparison itself, either as a check on the age or as a test of methodology. Since luminescence dating is one of a number of methods and, since new procedures call for validation and comparison, we start by discussing some examples of each.
Luminescence dating and

14
C dating
Luminescence dating complements 14 C dating in the whole age range over which the latter can be used: in practice, to around 40 ka. Whether we in the luminescence dating community like it or not, 14 C dating is so well established that it seems to be automatically assumed that any disagreement between it and luminescence dating must be resolved in favour of the former. In the experience of the authors this is particularly true of the archaeological community, but much less so among Quaternary Earth scientists. In fact there is abundant evidence, particularly from Europe, that agreement between the two modalities is good to excellent up to about 15 ka. Examples are to be found in , Selsing and Mejdahl (1994) and Stokes and Gaylord (1993) . An example of a pro®le which compares OSL and 14 C ages from this last reference is shown in Fig. 1 . It is coincidental that 15 ka corresponds to the limit of calibrated 14 C ages. It is for the transition region beyond this that comparisons are particularly valuable and not very common.
One compendium of TL vs. uncalibrated 14 C comparisons for ages exceeding 10 ka appears in . An updated version of their data is shown in Fig. 2 . It would be``conventional'' J. R. PRESCOTT and G. B. ROBERTSON 894 wisdom to attribute the whole of the uncertainty in this comparison to the luminescence measurements, but it is open to the interpretation that the uncertainty in 14 C is comparable and considerably exceeds the counting errors in the determination of the latter.
The fact that the TL ages in Fig. 2 are signi®-cantly larger than the 14 C ages is an expression of the long-term variability in the 14 C content of the Earth's atmosphere, as a consequence of variations in cosmic ray intensity. The broken line shows the predicted trend based on known variations in the Earth's magnetic dipole moment, which determines the cosmic ray intensity in the atmosphere (Laj et al., 1996) . A subset of the same data, with relevant discussion, is quoted by Taylor et al. (1996) .
It is worth noting that Bell (1978) was probably the ®rst to show that TL and 14 C ages were not the same at H30 ka, although it was not published until 1991 (Bell, 1991) . Huxtable and Aitken (1977) , on the basis of TL ages from the same site, commented that such a dierence was possible but that the uncertainty in their results did not permit a de®nite conclusion.
A recent comparison (David et al., 1997) of a pair of OSL ages with a suite of 21 14 C ages, all from the same stratigraphic level in the Ngarrabullgan Cave, Queensland, yields an OSL age of 34.722.1 ka to be compared with a mean 14 C age of 32.5 21.2 ka (two outliers excluded). In this case the samples have been collected with such a comparison speci®cally in mind and they are quite unusual in that there are enough 14 C ages to plot a distribution and to quote a standard deviation.
Large sets of luminescence ages from the same stratigraphic level, from which a measure of reproducibility of luminescence dating per se can be derived, do not appear to exist. This would appear to be a worthwhile research topic.
A surprising number of the sites to be discussed in Sections 3±5 have overlapping luminescence and 14 C ages but it is vexing to a reviewer that these rarely come from the same stratigraphic level or appear to be dating the same events. It would seem a good idea to structure sample collection in such a way as to ensure useful comparisons among dierent methods.
Not all luminescence vs. 14 C comparisons turn out as expected. describe work at the Puritjarra rock shelter in the Northern Territory, Australia. Luminescence ages were found for 100 mm quartz by total bleach, selective bleach and GLSL. Ages by 14 C included both conventional and AMS determinations. In a suite of 31 14 C and 23 comparable luminescence ages, covering zero to 35 ka, the latter ages were high for all but two samples. This is a rock shelter site and it is suggested that the sediment contains a small percentage of unbleached quartz from in situ breakdown 14 C and OSL ages in a section for the Holocene deposits at Clear Creek, Wyoming. Black lenses are interdune deposits (after Stokes and Gaylord, 1993) .
SEDIMENT DATING BY LUMINESCENCE 895 of rock pieces from the shelter wall. The signi®-cance of this possibility for archaeological sites is discussed by Roberts (this volume).
Comparisons among several dating methods
Beyond the``40 ka limit'' to 14 C, luminescence dating provides an extension into the late Quaternary and a bridge to the early Quaternary, where methods based on radioactive decay (K/Ar, U-series, ®ssion track) can be applied for comparison, at least in principle. However, there is a paucity of such comparisons and the work of Nanson et al. (1991) illustrates some of the diculties in making them.
In the time range 10±30 ka, Abeyratne et al. (1997) give a very comprehensive comparison of dating methods, based on the Batadomba cave site in Sri Lanka. Ages are reported on 14 C for shells and charcoal, ESR, TL and OSL (using quartz) for the age range 10±30 ka. While these are technically archaeological sites, TL and OSL are based on sediments and are mentioned here in that context. Speci®cally: TL, ESR on shells and 14 C ages mostly agree within the measurement errors, but the OSL ages appear to be systematically lower. The latter may well be due to fading, a subject to which we shall return. The comparison is shown in Fig. 3 . Sherwood et al. (1994) contains an intercomparison of TL, 14 C, amino acid racemisation, U±Th series and ESR, covering the present to about 300 ka. Unfortunately, not all methods were applied to all sites in what was a regional survey, and the comparisons involving luminescence are limited, but it represents an unusually wide-ranging comparison.
In a substantial compilation of published work from a variety of sources, with additional material added, Pillans et al. (1996) compare ®ssion track, K/Ar, Ar/Ar and TL and IRSL ages with the age of the Rangitawa Tephra time-marker in New Zealand. This is securely dated in ocean cores at 34027 ka by comparison with the oxygen isotope record. Such a time-marker, independently dated on geological evidence, is a very desirable validation feature. 
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The authors note that the methodologies for 15 TL and 4 IRSL ages were under experimental test. For loess closely above and below the tephra, observed luminescence ages range from 173 to 403 ka, within-sample uncertainties being of the order of 15%. From a diagnostic point of view, however, TL using blue emission gave three ages consistent with the tephra ages, whereas use of ultraviolet emissions gave an average age of 300 ka with a large statistical scatter. For a feldspar dune sand at two sites, 0.6 and 1.5 m above the tephra, TL and IRSL give ages of the order of 240 ka. These are signi®cantly less than the tephra age and Pillans et al. attribute this to long-term fading.
It is interesting that only 15 of 51 diverse ages for the NON-luminescence dating methods were considered to be reliable. There is perhaps a general warning here for luminescence practitioners. Duller (1994a) found that OSL and IRSL for ages for New Zealand feldspar dune sands come out consistently low, even for deposits as young as 25 ka, dated by alternative methods, and the dierence becomes greater with increasing age up to 350 ka. Some of his data are shown later in Fig. 7 .
A similar trend is discernible in the very large data set of , to be discussed in Section 7. This also may be attributable to fading.
d
18
O isotope stages and the Brunhes±Matuyama magnetic reversal
The worldwide sea-level variations based on oxygen isotope ratios (Shackleton et al., 1990) provide geological time-markers which give independent quasi-absolute calibration for luminescence dating well beyond its present limits. In some cases the high stands of successive interglacial stages are identi®able without ambiguity in geomorphic features being dated, as are probably also the sub-features of stage 5. Figure 4 , from HuÈ tt et al. (1993) , illustrates this point. Similar comparisons of TL ages and isotope curves back to and beyond stage 5 are to be found in Dutkiewicz and Prescott (1997) .
The Brunhes±Matuyama geomagnetic ®eld reversal (Spell and McDougall, 1992; Bassinot et al., 1994) provides a further de®nitive time-marker at 780 ka against which luminescence dating can be tested.
A good example of this is to be found in the fossil dune system in the south-east of South Fig. 4 . TL and OSL ages from southern Ostrobothnia, illustrating the potential for comparisons between luminescence ages, d
O isotope stages and standard chronostratigraphy of NW Europe. 1) Error bars are one standard deviation; 2) till; 3) sorted sediment; 4) cryoturbated sediment; 5) organic sediments and podsols (after HuÈ tt et al., 1993).
Australia. As recognised by Australian geologists, these dunes represent successive high stands of the sea, laid down on a tectonically slowly rising land surface, and corresponding to the interglacial stages. Spread about 10 km apart in distance and 120 ka in time, their ages run from zero at the coast to beyond 800 ka at Naracoorte where the Brunhes±Matuyama boundary is known to lie between the West and East Naracoorte Ranges. Since the members of this set of ranges have been related to sea-level curves based on d 18 O isotope measurements, and other geological evidence, the prospects for a test of TL dating in this time range were good and have since proved to be so (Huntley et al., 1993a (Huntley et al., ,b, 1994 Belperio, 1995) .
The TL ages were obtained on 100 mm quartz grains from inside the dunes, using total bleach on the 3758C peak with allowance for residual TL and the Australian Slide method of analysis . Satisfactory agreement between TL ages and geologically ®xed ages was found back to about 500 ka. Older than that, the TL data cannot always be ®tted using the Australian Slide doseshift procedure. The IRSL ages tend to be underestimates. There is also some limited latitude in assigning particular fossil dunes to particular peaks in the d 18 O record. These ages are plotted in Fig. 9 in connection with Section 9.3, where they are further discussed.
The same procedures have subsequently been used to ®nd ages of 178 213, 237 216 and 320222 ka of fossil dunes 100 km to the south of the previous set. These were not intended as a test of TL but rather its application, together with amino acid racemisation, to the problem of de®ning Quaternary uplift in the region (Murray-Wallace et al., 1997) .
Ongoing themes
The previous section has introduced examples of some of the successful applications of luminescence dating. Here we use``successful'' not in the sense of having obtained a number and an error limit but in the sense of yielding an age validated by comparison with independent criteria. Where this is not the case, matters for further consideration are suggested, fading for example. In the remaining sections we present speci®c examples of contexts in which luminescence dating has been applied and discuss the conditions under which credible ages may be obtained, and where they may not.
WIND-BLOWN DUNES AND SIMILAR ASSOCIATIONS
Dune systems, particularly those which are rich in quartz and are located in sunlit regions, provide ideal materials for luminescence dating. They are well suited to contribute to studies of past climate changes in various environments. The work up to 1992 has been well reviewed by Wintle (1993) and this section brings that account up to date with examples from dierent continents and with particular reference to the less well bleached materials. We start with TL.
Thermoluminescence
Working in Australia, Bryant et al. (1994) have built up a large suite of TL dates for aeolian dunes and coastal foredunes along a considerable part of the New South Wales coastline in their study of the environments, including palaeoclimates, of Eastern Australia throughout the last Glacial. The TL techniques were standard for the Wollongong laboratory, i.e. using 100 mm grains of quartz, a combined regenerative/additive dose method of analysis of the 3758C peak, but without correction for possible residual non-bleached TL. Ages in the range 14±65 ka were backed by uranium series dating. Using the same samples Nott et al. (1994) studied the reworking of dune sands and its eect on the integrity of stratigraphic sequences. It may be noted that Berger (1995) considers that the Wollongong procedures may be inadequate for ages older than 50 ka, largely because of the lack of independent validation of their methods.
In Central Australia, Nanson et al. (1995) studied the dune®eld of the western Simpson Desert using standard Wollongong techniques of dating but making corrections for residual TL levels from the TL of surface samples. They claimed excellent plateaux and growth curves (though none of these are shown). Second-glow curves were used to distinguish samples of quartz from dierent origins (see also Price, 1994) . They used the ages to develop theories of orientation of the dune systems in relation to wind direction at present and in the past. In particular they proposed that there was a bodily northward shift in the wind pattern by a degree or two of latitude during the last Glacial but during this period the dune pattern has remained stable.
We have already mentioned the comprehensive test of dating of sediments using TL and IRSL which was carried out by Huntley et al. (1993a Huntley et al. ( ,b, 1994 on the sequence of sand dunes in the southeast of South Australia. These dunes represent former interglacial high sea levels and have been securely related to oxygen isotope ages.
In Europe, Selsing and Mejdahl (1994) made TL measurements on feldspars from aeolian sand dunes of late Holocene age in south-west Norway and compared them with 14 C ages. While recognising the possibility of incomplete bleaching, they used the total bleach method of analysis. They concluded that it is possible to date well-bleached sediments as young as 1.6 ka.
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The above examples illustrate that recent TL applications have been successful in arid environments where the bleaching of the TL signal is likely to have been complete. Optical dating provides a method that is less in¯uenced by incomplete bleaching problems and is now gaining support in more temperate environments, such as in Britain, northwest Europe, the American continent and in New Zealand.
Validation of the optical dating of sand dunes was carried out by Stokes and Gaylord (1993) for the Holocene dune sands in the Ferris Dune Field, Wyoming, where one of the most continuous aeolian sequences in the U.S.A. occurs. Seven dune samples in vertical stratigraphic succession were collected from sites which had been 14 C dated. GLSL of coarse grain quartz was used. Good agreement was obtained between 14 C and OSL for ages in the range 4±8 ka, reinforcing earlier ®ndings that dune building and accumulation occurred during the Holocene. This comparison is that already shown in Fig. 1 . This work is of additional interest in that GLSL was successfully applied, notwithstanding that the quartz was found to be atypical, in that the rapidly bleaching peak was almost absent and the GLSL intensity small.
Aeolian sediments from the Sefton Coast, northwest England (Pye et al., 1995) yielded ages in the range 0.16±8.3 ka which were consistent with 14 C ages and with historical evidence, but more dates are needed in order to test hypotheses which relate aeolian events to changes in climate and sea level.
In Africa, studied aridity changes in the north-eastern Kalahari Desert during the last Glacial cycle, obtaining evidence of at least three episodes of linear dune deposition at H20±30, 40±50 and 100±110 ka. It was foreseen that this chronology could be extended back H500 ka due to low environmental dose rates, H0.5 Gy ka
À1
, similar to the situation in the south-east of South Australia (Huntley et al., 1993a) .
Two of the same team carried out a reconnaissance survey of the linear dunes and loess plains of north-western Nigeria, showing that the two elements were not contemporaneous, as previously thought, but that the loess plain was older, probably dating from before the last Glacial. We suggest that this observation possibly expresses the fact that the quartz dune material is easier to remobilise than the Quaternary silty clays. Lundqvist and Mejdahl (1995) used TL and OSL to study deglaciation in Northern Sweden. The samples were derived from sand dunes in Norrbotten. Quartz was used for GLSL, whereas feldspars were used for TL and IRSL. Usually there was good agreement between OSL and TL results in the age range 7±11 ka, but not with previous ideas of glaciation, because TL ages were generally too low and the range too great. A number of possible reasons are discussed, including the possibility that the dune formation was not strictly related to the presence of ice.
Since the luminescence dating method determines the last time a sediment has been exposed to sunlight, it can provide a useful indicator of old sand dunes which have been reworked in more recent times, as in northern Nigeria mentioned earlier . Dune activity depends on sand supply, temperature, precipitation, vegetation and wind direction, such that in periods of drought there may be increased activity due to lower groundwater levels and reduced vegetation cover.
These considerations prompted the application of IRSL to the dating of dune sediments from the North Island of New Zealand (Duller, 1996a) . Potassium-rich feldspars were extracted from the samples and single aliquot additive dose measurements were made. Ages ranged from 10 to 43 ka and supported the notion that the original deposition of the dunes occurred at 40±50 ka or earlier, no dune activity occurred between 40 and 24 ka and dune remobilisation occurred between 24 and 10 ka.
Climate changes in the arid and semi-arid regions were of interest to Juyal et al. (1997) , and it was recognised that IRSL might provide a chronology for events in south-east Arabia, especially in Oman where other data are limited to a few 14 C dates and a single U/Th age. Samples were collected in Oman and in The Emirates and feldspar grains extracted. Infrared readout exposures were limited to 12 s so that TL measurements could be subsequently carried out on the same samples. Ages ranging from 10 to 300 ka have provided a framework for the times of deposition of Quaternary sediments in the region and it is anticipated that further sampling could add to an eventual understanding of the past climates of the region. This is a good example of the survey use of luminescence.
Various aspects of dating young dunes were considered by Ollerhead et al. (1994) . The material was derived from the Holocene Buctouche Spit in New Brunswick and contained both K-feldspars and quartz from which both puri®ed coarse grains and polymineral ®ne grains were extracted. Ages obtained for K-feldspar stimulated by IR were in the range 5 to 765 a. TL ages obtained for the quartz, although less precise than the IRSL ages, con®rm the recent formation of the dunes. The luminescence dates, together with geomorphological evidence, suggest that the Buctouche Spit formed during the past 2 ka and the surviving dunes at the distal end during the past 800 a. Wolfe et al. (1995) applied IRSL to dune activity in south-western Saskatchewan; ages as young as 70 a and as old as 2.6 ka were obtained.
The Mojave Desert in California contains widespread relict aeolian deposits and landforms which provide information on climate change back into the Pleistocene. These sands have been dated using various luminescence methods. Working with sand ramps from the Dale Lake region and sand dunes in the Cronese Mountains, Rendell et al. (1994) identi®ed some of the inherent problems, particularly the need to select samples carefully to avoid mixtures of aeolian and colluvial material. Despite discrepancies between the dates obtained by TL and IRSL, they identi®ed two periods of sand deposition: >35 to 25 ka and 15 to 10 ka.
Following the work of Edwards (1993) , Clarke (1994) used the IRSL method for potassium feldspars for six sites on the north-eastern edge of the Kelso Dunes in the Mojave Desert. Potassium feldspars were dated using the single aliquot procedure of Duller (1991) . Ages obtained ranged from 4 to 17 ka.
IRSL methods were also tested by Wintle et al. (1994) on feldspar extracts from the Kelso dunes. A surface sample had an age of 40 a and there was evidence of reworking in areas with ages of 845± 105 a. At the eastern end of the dune ®eld, sand samples had an age of 4 ka and at the western end 1.5 ka, indicating two dierent phases of aeolian activity. Clarke et al. (1995) studied sand deposition at the Cronese Basin, Kelso Dunes and Silver Lake in an attempt to determine whether sand movement can be related to climate change including episodic pluvial activity. IRSL ages obtained were combined with ages obtained by previous work and related to documented pluvial phases in the Late Pleistocene and Holocene. Sand deposition also occurred during periods of aridity.
LOESS
Loess is a ®ne, wind-transported material which, because of its grain size, usually spends considerable time in transport. These are particularly favourable conditions for resetting the luminescence clock by exposure to daylight. Typically, 80±90% of loess grains are less than 50 mm and 10±15% are less than 10 mm (Wintle, 1990; Hu and Lu, 1985) . This range of sizes favours the use of ®ne grain procedures and most work on loess has been carried out with undierentiated ®ne grains of 4±11 mm after removal of carbonate.
The issues set out by Wintle (1990) still apply. She stated that since ®ne grains are usually undierentiated mineral mixtures and, as such, contain feldspars, they are subject to the usual problems, i.e. possible fading, choice of ®lter for the recording wavelength, sensitisation on bleaching and choice of preheat and analysis procedures. These problems are common to all ®ne-grained sediments. Quartz, for which diculties appear more tractable, has been extracted from loess for dating purposes, but may be limited to younger sediments if it saturates early.
Wintle's 1990 review dealt only with thermoluminescence dating. The subsequent development of optical dating has resulted in its gradual introduction to loess studies. This is particularly appropriate since optical stimulation excites those traps that have been reset by light during the transport mechanism. Nevertheless, up to the end of 1996 most of the age determinations of loess have still been by TL. However this will change as facilities for optical dating become more widely available. Some examples appear in other sections of the present review.
The loess deposits in China, central Asia, Europe and the USA provide extensive records of past climate, allowing the reconstruction of long-term climatic¯uctuations (Liu and Yuan, 1987) . Kukla (1987) gives a correlation of Chinese, European and American loess sequences with deep-sea sediments. Liu (1985) once claimed that the longest, best characterised loess sequences in China provide a more detailed record, over 2.4 Ma, than do the marine core d
18 O records. While this may well have been true in 1985, it is arguable now. Zhou et al. (1995) present TL ages for the Orkutsay loess section in the Tashkent region of central Asia, speci®cally relating it to earlier work from the same region. This appears to be the ®rst direct comparison of ages obtained by contemporary protocols with early work from the then USSR, and with other regions. They obtained TL age estimates ranging up to 134 ka but they consider that these are considerably underestimated. They conclude that fading is not yet suciently understood and that as a consequence, .....the present study allows us to draw the following conclusion. It is highly unlikely that any published data for Central Asia loess below the uppermost-placed palaeosol (PC1) [their notation, H45 ka] have any chronological signi®cance.
In this statement, Zhou et al. include their own work. This paper is worth consulting for the range of little known references from the former USSR.
For the US, Berger and Busacca (1995) have dated late Pleistocene deep loess pro®les from eastern Washington State, using polymineral 4±11 mm grains. Ages obtained range from 17 to 83.2 ka. This set of measurements is of particular interest in that tephra beds from eruptions of Mt. St Helens are interspersed with the loess. TL ages for 4± 11 mm glass from the tephra were also found. Their pro®les are shown in Fig. 5 . The signi®cance of these ages for the eruption history of Mt. St Helens is discussed in Section 7.1. Richardson et al. (1997) have carried out both TL and IRSL determinations of loess deposits from SEDIMENT DATING BY LUMINESCENCE 901 the same region of Washington State as Berger and Busacca, including revisiting some of the same sites. Twenty-seven age pairs were determined for seven sites, covering a nominal age range of 18±160 ka. Generally speaking, the TL ages of Richardson et al. are consistently younger than the corresponding ages of Berger and Busacca; no explanation is oered for this dierence.
An interesting insight into methodology is oered by their comparison of the TL and IRSL age pairs. The D e for IRSL is found to be consistently smaller than the D e for TL, and increasingly so with Fig. 5 . Loess pro®les from sample sites in south-east Washington State, USA. These are shown on the map, which also indicates the general location of the main sources of supply of the loess (PB and WWV). Polymineral ®ne grain TL ages for deposition of the loess pro®les are indicated on the ®gure in ka. The pro®le has an additional interest in that tephras from eruptions of Mt. St Helens (indicated by MSH) are interbedded with the loess and have been dated by loess above and below the tephra. The implications for the eruptive history of Mt. St Helens are discussed in Section 7.1 (adapted from Berger and Busacca, 1995) . The ®gure is also appropriate for the work of Richardson et al. (1997) .
increasing D e . A similar dierence was obtained by Musson et al. (1994) for a Lujiapo site in China.
Neither reference oers a resolution of the discrepancy but states that the TL ages correspond better than IRSL with independent evidence. Resolution of this dierence would appear to call for a study of the physics of the materials concerned to determine if it is a local or global eect. ZoÈ ller et al.
(1994) present a substantial reconciliation of loess stratigraphies from Austria, Hungary and the Czech Republic. With the aid of 41 new TL age determinations supported by amino acid racemisation, an inter-regional correlation of loess±palaeosol sequences is put forward. Polymineral ®ne grains were employed with à`s trong thermal wash'' of 5 min at 2708C before regular TL readout with a Schott 5-58 ®lter. Ages were found for three samples using coarse grain quartz and feldspar. These authors consider that the ®ne grain ages older than 50±100 ka are underestimates, but that a number of ambiguities in the stratigraphy is resolved and a new stratigraphic frame is emerging, as shown in Table 1 .
Dating of loess in New Zealand and Alaska by is discussed in Section 9. Although Australia has signi®cant areas of windblown dust mantle, they are shallow and not usually classi®ed as loess. No luminescence dating seems to have been carried out on the extensive loess deposits in South America.
WATER-LAID DEPOSITS
Setting to zero
The problem of zeroing the natural TL of sediments which are laid down by transport in water was recognised early in the development of dating methods for sediments (Wintle and Huntley, 1982) and it was predicted that the likelihood of dating such deposits was slim. The case has been discussed in the comprehensive review of Berger (1995) : the turbidity of a suspension of silty particles, the selective screening of light of various wavelengths/photon energies, the presence of light-absorbing organic matter and the dierent responses of dierent minerals, quartz and feldspars, combine to complicate the issue. However the advent of OSL and the possibility of selecting the optimum wavelengths for the stimulating light is helping to re®ne the techniques.
Fluvial sediments
The zeroing of the TL of the suspended silt in the Fraser River was considered by Berger et al. (1990) in terms of the underwater ambient light spectra, the TL responses of suspended grains and recently deposited sediments, and the TL dating of mud cores of known and unknown age, recovered from the Fraser River. It was found that most of the light-sensitive TL in ®ne grains was removed prior to deposition. Other studies by Berger and his coworkers from 1990 onwards are detailed in his review (Berger, 1995) . Mejdahl and Funder (1994) tested a large number of sediments from dierent sources in east Greenland using TL and OSL of sand-sized feldspars. They found that even though zeroing of the signal was incomplete in many samples it was possible to date samples by comparing the results of dating K-feldspars by TL (partial bleach/regeneration) and by IRSL (additive dose). Shallow marine and¯uvial sediment ages fell within 15% of the ages expected from biostratigraphy and 14 C dating. Ice-proximal glaciolacustrine and glacio¯uvial sediments were unsuitable because the sand grains had been dierently bleached and some even retained an intact signal from earlier events.
We note here an unusual intercomparison to be found in Mejdahl and Funder (1994) where mollusc fauna and plant and insect assemblages are used to identify the last interglacial d
18 O isotope stage 5e for comparison with TL and OSL. Murton et al. (1997) studied aeolian and¯uvial activity at the Pleistocene Mackenzie Delta in the Canadian Arctic. The samples were derived from aeolian sands deposited on top of ice surfaces which had been¯uvially eroded by meltwater activity. 14 C ages were available from roots occurring in the ancient thaw layers. Coarse grain feldspars and ®ne grain polyminerals were extracted from four sand samples and analysed by IRSL using a blue transmitting ®lter to observe the emission. A set of seven ages showed good agreement between coarse and ®ne grains. The age of 14 ka suggests that ice last covered the area somewhat later than previously understood. Nanson et al. (1992) present a synthesis of their work on chronology for both aeolian and¯uvial deposits across much of central and eastern Australia to reveal an alternating pattern of episodes associated with the Quaternary Interglacials and Glacials. Three contrasting environments are represented: hot dry deserts, the riverine plain and coastal river valleys (75 TL and 18 U/Th ages are shown in histogram form).
A detailed account of the work on the Riverine Plain is given in Page et al. (1996) . Here they focused on the palaeochannels in the Murray± Goulburn sector which controlled the patterns of soil and sediment variation. Each palaeochannel was sampled at intervals along its length. TL dating was used and the question of incomplete bleaching of these¯uvial samples was checked by comparing the age found when the quartz rapidly-bleaching peak at 3258C was used with the age from the slowly-bleaching peak at 3758C. Good agreement provided evidence that bleaching had been eective. The results show consistency within the set of ages for each individual channel and the ages show that individual channels developed during the last Glacial between 105 and 20 ka, concentrated in four episodes: at 105±80, at 55±35, at 35±25 and at 20±13 ka. This elegant work is shown in Fig. 6 (a) to (d).
Lacustrine deposits
A few references to the dating of lacustrine sediments are included in papers discussed elsewhere in the present paper, but there have been surprisingly few studies devoted to the dating of lake cores speci®cally. This situation may have arisen from an earlier perception that the dating of sediments lying deep within a lake would be fraught with diculties in determining the degree of bleaching of the TL signal and in determining what the dose rate would be in this type of environment.
This perception has not been much modi®ed even by the eorts of the most persistent worker in the ®eld (Berger et al., 1987; Berger, 1988; Berger and Easterbrook, 1993; Berger and Anderson, 1994) . The earliest of these papers shows that the types of situations most amenable to dating are likely to be found in larger lakes with broad low-gradient¯oors and in places where clay rather than silty layers predominate. Ages well beyond the limit of 14 C dating were shown to be measurable. Berger and Anderson (1994) concentrate on Squirrel Lake in arctic Alaska. The core went down to 14 m with 14 C ages down to 3 m. As TL and 14 C ages were in good agreement for these upper layers it was inferred that the technique could be taken as reliable to the lowest level with a TL age of 125231 ka.
In the Antarctic, Krause et al. (1997) collected sediment cores from lakes in an ice-free area, using plagioclases for IRSL dating. The emission spectra were analysed to identify the most readily bleachable peak as observed at 560 nm/2.2 eV. This paper is a rarity in that spectrometry was used in advance to devise a measurement protocol. We commend this practice. Ages of 7 to 53 ka were found from the top to the bottom of the core.
TL dating in an arid lacustrine environment was carried out by Dutkiewicz and Prescott (1997) on the strandlines of playas in the Lake Malata±Lake Greenly complex on Eyre Peninsula, South Australia. The gypsum/carbonate lunettes provided adequate quartz grains and as the grains had been de¯ated from the basin during lunette formation in direct sunlight, the TL was thoroughly bleached at the time of deposition. Stabilisation of the lunette by calcrete capping occurred early due to rapid absorption of water during wet periods and they were unlikely to have been reworked subsequently. Total bleach methods were mainly used and complete sets of glow curves, growth curves and D e plateaux are presented. The oldest carbonate lunette had an age of 115 ka and there were several further stages of lunette formation up to about 1 ka. A foredune, Lake Malata Ridge, was shown to have an age of 320 ka, representing a unique wet phase in the evolution of the lake complex. This suite of luminescence ages is compared with the d 18 O sealevel record and, within the uncertainties of TL, allows an interpretation of climate change.
We note one curiosity from this work: it was carried out in an environment where the lunettes/dunes have a high gypsum content. Dose rates normally lay between 0.8 and 2 Gy ka À1 . For one lake-proximal dune, consisting of almost pure gypsum, the dose rate as measured with an in situ scintillometer was not signi®cantly dierent from zero. It could have been any age!
Colluvial sediments
Although the formation of colluvial (slope deposit) sediments is not exclusively due to the action of water, we include it here because of its anity to this section.
The sediment transport processes in the deposition of colluvial deposits are such that light exposure is likely to be far less than for aeolian processes, with grains and aggregates of grains of J. R. PRESCOTT and G. B. ROBERTSON all sizes possibly being transported, deposited and covered during a single event, for example, heavy rainfall. Some grains may be well bleached by sunlight, whereas others may be poorly bleached. Wintle et al. (1993) tested various luminescence methods for dating colluvium exposed in the walls of a donga in northern Natal. Fine grain samples were measured by TL, by multi-disc IRSL and by single-disc IRSL. Total bleach and regeneration methods of analysis were applied. There was agreement among the ages obtained using the IRSL methods and some of the radiocarbon dates but the TL dates were much older than the rest, some by a factor of two. Suggested explanations lie in the insucient bleaching of colluvial ®ne grains which experienced only one cycle of erosion and deposition, and the possible instability of the IRSL signal with time. The same techniques were further explored by Wintle et al. (1995) but using 100 mm feldspar grains. In this case, well-bleached samples Fig. 6 . The Murrumbidgee, Australia, palaeochannel system, illustrating an aspect of its¯uvial history. Quartz 100 mm TL ages for four palaeochannel systems are shown on the map and these are collected together in (d), which also shows oxygen isotope stages. Some original detail is omitted for clarity (after Page et al., 1996) .
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showed good agreement between TL and IRSL ages and less variation between single aliquots of the same sample than between aliquots of the poorly bleached samples. These two papers illustrate the importance of testing methods thoroughly for each new type of material encountered. Lang (1994) reported IRSL ages of Holocene colluvial, lacustrine and alluvial sediments and loess covering a habitation site in central Europe, illustrating that uncertainties still exist because of doubt about zeroing, even of the IRSL signal, and the best conditions for carrying out pre-heats.
Lang and Wagner (1997) studied a sequence of loess and colluvium ranging from the Pleistocene to the 17th century, using ®ne grains, IRSL, multiple aliquot additive dose and a subtraction technique of Aitken and Xie (1992) . A good plateau for the equivalent dose plotted against infrared stimulation time was obtained. The resulting ages were in excellent stratigraphic order from 0.5 to 16 ka.
Dose rates and disequilibriumÐa potential problem in wet sites
In dose rate determinations, the presence of disequilibrium in the uranium and thorium decay chains is a relevant factor. It is particularly important in wet environments. It may also be wise to anticipate it for the ice-proximal environments discussed later in Section 9.
In Australia, Olley et al. (1996) found that disequilibrium is common in¯uvial and lacustrine environments, particularly in the U decay chain, but not in the Th chain. However the associated uncertainty in the dose rate was only a few %, which is similar to other sources of uncertainty. Krbetschek et al. (1994) analysed disequilibrium at several European sites using high-resolution gamma and alpha spectrometry. Among some 200 diverse samples, disequilibrium was connected only with limnic and¯uvial sediments. For example, in a sequence of limnic sediments on top of a¯uvial gravel on the river Rhine, disequilibrium was not detected in the upper horizons; it was found only in the basic clay layer and was assessed in terms of the fate of individual isotopes.
Further examples of signi®cant disequilibrium are described in Wintle and Huntley (1980) , Prescott and Hutton (1995) and Huntley and Clague (1996) . Readhead (1987) and Olley et al. (1996) give dose rate conversion data to be applied when disequilibrium is present.
Ocean sediments
There appears to have been no work done on this topic since the pioneering papers of Huntley (1979, 1980) . The time may well be here for a new attack in this area.
ICY ENVIRONMENTS
There are several accounts of attempts to understand the bleaching problems of glacial and periglacial sediments (see, for example, Wintle and Catt, 1985; Gemmell, 1988a; Duller, 1994b; Berger, 1995; Duller et al., 1995) . In summary, the problem is that material carried within or beneath glacier ice may not have been fully bleached at deposition. There might be some zeroing of TL by crushing and grinding during transport, but there would be a minimal eect from light. Sediment from the surface might travel downwards in the ice to form part of the basal load or it might move upwards within the ice to melt out on the surface. Because of the enduring nature of the glacier ice and its slow movement these processes may incorporate grains of varying age in the ®nal load.
Other work on assessing the reliability of TL dating of Arctic glacial and near-shore marine sediments was carried out by Forman, working at the Polar Institute (Forman and Ennis, 1992) . Reduction of the TL signal after exposure to light of various wavelengths was compared. It was concluded that in the polymineral fraction of glacial and near-shore marine sediments the residual TL could not be determined accurately, leading to overestimates of the ages of such samples by both the total and partial bleach techniques. Coarse grains were even worse as they had received even less light during transport. The conditions vary in dierent areas depending on the mode of transport. Duller et al. (1995) assumed that their ice-proximal, glacio¯uvial samples in Scotland had received incomplete bleaching which might have been either of two types: ®rst, that all the grains in the sample had received the same amount of light but that this was insucient to bleach them or second, that the sample contained a mixed set of grains which had been exposed to daylight for varying periods of time. Detailed discussion of the possibility of distinguishing between the types was given. When the ages were compared with available 14 C ages there was very little correspondence between them and the authors conclude that luminescence dating of periglacial slope deposits and¯uvial deposits within a few km of the front of the ice sheet is unlikely to be successful.
HuÈ tt, who ®rst demonstrated IRSL signals from feldspars, has tested the technique on a number of glacio¯uvial sites in eastern Europe (HuÈ tt and Jungner, 1992; HuÈ tt et al., 1993; Gaigalas and HuÈ tt, 1996) . At a site near Leningrad, samples which were undatable by TL because of poor plateaux produced only one realistic IRSL age of 16 ka from a slowly defrosted sample. Others, from rapidly defrosted sites, gave unrealistically high ages. In western Finland buried fossil soils occur in sandy sediments in association with glacio¯uvial deposits and were sampled for TL and IRSL analysis. IRSL ages were grouped at 120±163 ka and 76±106 ka J. R. PRESCOTT and G. B. ROBERTSON but the TL ages were all older at 135±155 ka and were assumed to represent upper limit estimates. The ages con®rmed geological interpretation that fossil soils were formed during the last interglacial. At two sites in Lithuania, IRSL ages provided an apparently better glacial and interglacial chronology up to 114 ka.
Instrumented ®eld experiments have been carried out by Gemmell in order to assess the eectiveness of zeroing TL in sediments during transport and under extreme conditions. The earliest of these (Gemmell, 1988a,b) were on the Austerdalsbreen glacier in Norway, where a number of transportational facies were chosen from which to drill for sediment samples. Some samples showed evidence of zeroing, others not. The TL was also observed as a function of the distance from the glacier. Further experiments (Gemmell, 1994a,b) examined residual TL levels at hourly intervals from a meltwater stream in Iceland and noted¯uctuations due to ambient light levels and other factors. Most recently he has instrumented the stream (Gemmell, 1997) and examined the resetting as a function of time of day and the state of the weather and distance of transportation. He con®rms that suspended sediment is a major factor in impeding bleaching.
On the whole, Gemmells's experiments, taken with the other examples given, do not encourage one to be hopeful about using luminescence dating in icy environments.
TEPHRA AND OTHER HEATED MATERIALS
Various products of volcanic activity can be dated by TL because they have been heated. The lava itself has certainly been heated to a high temperature but it may not be suitable for dating because of a lack of quartz in its composition. The volcanic ash, including glass fragments, may be blown into the air and deposited as tephra. Tephra is, of course, a sediment in its own right. It may or may not have been reset by the heat of the eruption although, from the way it is usually formed, heat resetting seems unlikely. Provided that it was ejected in daylight and spent long enough in the air before deposition it may have been reset by exposure to sunlight. The early eorts to date these materials have been reviewed by Berger (1995) .
Tephra
Berger's work on tephra beds (Berger, 1991 (Berger, , 1992 , in which TL ages were compared with independent ages, showed that puri®ed glass-rich samples can be reliably dated over the age range 0.5±450 ka.
Not all attempts to date volcanic glass have been successful. For example, at Mount Gambier in South Australia the volcanic glass extracted from tephra was unsuitable for lack of a stable TL signal (Robertson et al., 1996) . Kanemaki et al. (1991) observed that the 3308C TL of glass fractions from tephra had a red emission at 620 nm/2.0 eV and attributed this to quartz and plagioclase microcrystals within the glass sherds. They were able to mechanically separate the quartz and plagioclase from the glass and used a time-resolved spectrometry system to compare the output of the various fractions. The red TL of their samples was so strong that they concluded that this signal could be used to date tephra even when it is poor in quartz.
Examples of tephra which has been indirectly dated from bracketing loess deposits come from Washington State and Oregon, USA (Berger and Busacca, 1995; Richardson et al., 1997) and from central Alaska . In the ®rst example, ages for loess and related tephra layers (Fig. 5 ) have direct implications for the history of eruptions of Mt. St Helens, suggesting a much longer history for volcanic activity than the previously accepted age of less than 50 ka. The present mountain probably dates back to at least 80 ka and possibly 120 ka. In the second example, direct dating of tephra layers was unsatisfactory but bracketing loess layers gave the deposition age as 1902 20 ka.
Lava¯ows
The sediment layers lying beneath lava¯ows may have been heated adequately for the age of the¯ow to be found. The ages of Australia's two most recent volcanoes, Mt. Gambier and Mt. Schank in South Australia, were found to be Holocene at 4.2 2 0.5 and 4.920.5 ka by dating quartz underlying the main lava¯ow (Smith and Prescott, 1987; Robertson et al., 1996) . It is worth noting that the tephra associated with these eruptions was not datable due to the lack of a stable TL signal.
The use of the red TL of quartz for such sediments was promoted by Pilleyre et al. (1992) and tested on a number of samples from volcanoes in the Massif Central of France. Samples with expected ages in the range 14±150 ka gave results which ®t the geological evidence. Two older samples (2 and 14 Ma) were included for evaluation purposes but, not very surprisingly in view of their age,`h ope... was not ful®lled for these samples''. The authors were optimistic that a better understanding of the properties of the red luminescence might extend its use.
The extent of zeroing of the TL of the sediment under a lava¯ow must be considered when sampling. For example, how deep under the lava has the temperature reached high enough to reset the TL (say 4008C)? To answer this question SEDIMENT DATING BY LUMINESCENCE 907 Forman et al. (1994) carried out calculations using various values for the temperature and thickness of the lava and the temperature of the sediment layer. The calculations indicate that sampling at a depth of 20±40 cm would reach sediment which had been heated to 4008C and had its TL zeroed. The results of Robertson et al. (1996) show that at 10 cm below the lava¯ow the TL was completely reset, whereas at 30 cm the TL was not fully zeroed and the temperature had not reached 4008C. At 1.5 m there was no evidence of zeroing. Forman et al. (1994) obtained ages in the range 2±100 ka for sediments under lava¯ows on the Snake River Plain, Idaho, in agreement with 14 C and K/Ar ages. A much older sample (600 ka by K/ Ar dating) was beyond the range of TL because of saturation, anomalous fading and very high dose rates (from 4 to 7 Gy ka À1 ). Their results support the view that TL chronology is useful for dating volcanic events during the Quaternary, provided that baked sediments can be accessed.
It might be noted here that an interesting approach to the dating of lava itself was reported by GueÂ rin and Valladas as far back as 1980 (GueÂ rin and Valladas, 1980) . They used the plagioclase feldspar fraction and overcame the anomalous fading associated with this material by using the high-temperature peak above 5008C for the analysis. They obtained well-validated results for a range of dierent plagioclases with ages from 9 to 200 ka. This method has not been followed up, as far as we know, possibly because of lack of facilities to deal with high temperatures or complications in calculating alpha dose rates within feldspar grains. Zink and Visocekas (1997) have shown that the near infrared TL emission (590±750 nm/2.1± 1.65 eV) of sanidine feldspars seems to be stable with time and has the potential for dating of materials otherwise subject to anomalous fading when observed in the``blue'' (3.1 eV). The authors suggest that the method may be applicable to the dating of lava.
An archaeological aside
An example of dating volcanic sediment for its archaeological signi®cance also appeals to us on other grounds: Liritzis et al. (1996) investigated a little-known volcanic site on the island of Yiali in the Aegean Sea, not far from well-known Santorini, where the volcanic eruption is thought to have severely aected the Minoan civilization. Four rather scattered quartz TL ages were obtained with a mean value of 3.25 20.39 ka (our recalculation). This is consistent with the second millennium BC 14 C age assigned to the eruption of Santorini (Bruins and van der Plicht, 1996) . It may be that discussion of the decline of the Minoan civilization will need to take account of events on Yiali. As far as Santorini itself is concerned, the age of the eruption is very securely dated by high quality 14 C and tree ring chronology and would provide an excellent opportunity for a calibration of luminescence dating for tephra in this time range.
SOME IMAGINATIVE APPLICATIONS
Some less common applications of sediment dating are listed here to give some indication that its potential usefulness is limited only by the imagination. In general we have included only one or two recent examples of each.
Sediments and their associations
A number of geological features, which are not themselves sediments, have been dated by using sediment dating techniques on related materials. 8.1.1. Lava. We have already discussed the possibility of ®nding the age of a lava¯ow by ®nding the age of resetting by heat of underlying sediments. It is mentioned here because there have been few such ages determined and so it still counts as a rarity.
8.1.2. Peat beds, etc. Lian et al. (1995) have evaluated the prospects for dating organic-rich and peat beds in British Columbia and Washington State by extracting sediments from within the deposit. IRSL and TL on ®ne grains were used and ages ranging from zero to 100 ka were found to be in agreement with parallel evidence. An age of 660 ka for a sample of putative age H1 Ma is believed to be too young. IRSL is recommended for future work because of its simplicity and greater precision. Such deposits present particular diculties in assessing dose rates because of changing conditions of water content and the ever present possibility of radioactive disequilibrium. These authors list previous attempts to date such materials. 8.1.3. Tsunami. From time to time tsunami leave deposits in their wake. These take the form of sheets of sand or gravel carried forward by the tsunami and dumped up shore. On the assumption that the materials were well exposed to light before transport for long enough to reset the dating`c lock'' and were then covered by tidal or other deposits, they can be dated. Bryant et al. (1992) found evidence for tsunami sedimentation on the south-east coast of Australia, with TL ages of several events since 3 ka BP. Wood (1994) has also described boulder deposits consistent with storm surges or tsunami in Tunisia and has found coarse grain quartz GLSL ages for the deposit and its surroundings. The ages, described as`p reliminary'', suggest an episode from oxygen isotope stage 5e. Huntley and Clague (1996) have found IRSL ages for recent tsunami sands in the Paci®c Northwest, Canada and the US. Three of these, with a mean age of 306241 a are considered to date a common event. A fourth, 1.285 2 0.095 ka, agrees with other independent evidence. Dawson et al. (1995) ®nd a TL age of 260260 a for deposits tentatively interpreted on other grounds as having been laid down by a tsumani resulting from the Lisbon earthquake of 1755. The TL measurement thus supports the ®eld interpretation.
8.1.4. Pedogenic deposits. Once sediments are in place, reworking by wind or water is possible, and it is the most recent movement that would be dated. However, weathering also gives rise to formation of soils, silcretes and calcretes. Examples of palaeosols embedded in the Chinese loess sections are well known and have been comprehensively linked to climate change (Liu, 1987) .
In ®nding the age of a palaeosol, it is often dicult to know just what is being dated. It may very well be the time of original deposition of the sediment which is dated; it is also possible that bioturbation has reworked the soil (Huntley et al., 1983; Paton et al., 1995; Williams, 1968) . However, a reasonable age can be found by age-bracketing the palaeosol above and below in the pro®le (Musson et al., 1994) . ZoÈ ller and Wagner (1989) have discussed the application of TL to dating palaeosols; and Berger's (1995) review describes a number of North American ages from buried soil horizons with comparisons with 14 C. In passing, we note that bioturbation is mentioned from time to time in connection with sediment dating but no one seems to have evaluated its eect on the age found for the sediment.
Pedogenic carbonate presents a challenge to luminescence dating which has barely been taken up. In principle, the age of formation of the carbonate could be found directly because the zero of time presumably coincides with the crystallisation of the carbonate. May and Machette (1984) explored the possibility of using TL to date soil carbonate but they did not carry it further and the technique does not appear to have been used elsewhere.
As Wintle (1980) pointed out a long time ago, luminescence dating of calcite presents diculties. Although this reference relates speci®cally to speleothems, which are outside the terms of reference of the present review, the lack of publication in this area suggests that the same problems have been found to be common to other sources of calcite/aragonite.
TL has the handicap of spurious TL when dealing with calcium compounds (Hutton and Prescott, unpublished) ; optical dating may overcome this dif®culty. Additionally the dosimetry of the deposit is dicult because of the radioactive``open'' nature of the sediment.
Recently Singhvi et al. (1996) have suggested a new method for dating pedogenic carbonates which makes a virtue of necessity by exploiting``subtle changes in the natural ®eld of a luminescent mineral after being trapped in a carbonate precipitate''. It uses the entrapped``dirt'' to date the carbonate precipitation; in the present case this``dirt'' is quartz. If the dose rates from the carbonate and the host sediment are dierent, then the equivalent doses from the quartz in the carbonate and the host sediment will dier by an amount dependent on the time since the carbonate was formed. The ®rst results from the Thar Desert show a large relative error in nominal TL ages from 2 2 1.3 to 19.4 26.8 ka but it could be fairly said that the method is demonstrated in principle.
An early attempt to obtain a TL age for Indian laterites by dating the auxiliary minerals gave ages of several hundred thousand years (Sankaran et al., 1985) but this work does not appear to have been followed up. In any case, the development of most laterite would generally be regarded as having taken place at times well beyond the present capacity of luminescence dating. Nevertheless, it is perhaps worth continuing eort.
Weathering is an essential element in the above examples. Weathering can also result in mobilisation of radioactive elements and may result in changes in the dose rate over time. This is further discussed in Section 10.6. 8.1.5. Impact craters. The shock excitation of mineral sediments by the impact of meteorites has the potential to reset the TL clock, either thermally or by pressure metamorphism. Sutton (1985a,b) found the TL age of the Arizona meteor crater to be 4923 ka.
More recently, Miallier et al. (1997) have attempted to date an impact crater in the Sahara of Chad, using TL (and ESR) on quartz. The TL characteristics were quite atypical of quartz and did not lend themselves to the usual procedures for ®nding equivalent doses. Estimates led to ages greatly in excess of the presumed early-to midHolocene age. It may be that the impact had converted the quartz to coesite (Deer et al., 1982) in whole or in part. Nothing is known about the luminescence properties of this mineral speci®cally. Finding the age of past impact craters would appear to be an appropriate addition to the currently fashionable observation of extra-terrestrial objects likely to hit Earth.
8.1.6. Gypsum. With the advent of optical dating, we oer as an untapped suggestion, the possibility of using gypsum for luminescence dating. TL does not work because the gypsum decomposes on heating. There are large areas of gypseous lake deposits waiting to be evaluated.
Earthquakes
In 1984 Lu Yanchou suggested to the authors (personal communication) that it should be possible to use TL to determine the age of palaeo-earth-SEDIMENT DATING BY LUMINESCENCE 909 quakes by dating the local expression of surface fault movements often associated with them. A vertical throw of some metres might not be uncommon. Immediately following the earthquake there would be a contour step, the low side of which would then become progressively ®lled with sediment, colluvial, aeolian or water laid. On the assumption that the in®ll process is suciently slow that the sediments have been exposed to sunlight long enough to reset the luminescence clock, it is then possible to use luminescence to date the in®ll-ing and hence ®nd the time since at least the last previous earth movement. Knowledge of this time would contribute to the assessment of earthquake risk. Testing this suggestion on sites in China was not possible since suitable facilities were not available there at that time. Lu (personal communication) has subsequently reported TL dating of ®ne grains from an active fault site at Xiyangfang near Beijing.
The idea of using TL for seismic hazard evaluation was independently suggested by McCalpin (1986) as a result of sedimentological studies in the Bonneville Basin, Utah. Subsequently, Forman et al. (1989) , in successfully evaluating TL as a technique for dating earthquake faults, found evidence for three major movements at 5.3 20.3, 2.6 2 0.3 and 0.5 2 0.2 ka ago on the America Fork section of the Wasatch Fault in Utah. Forman et al. (1991) extended the technique to the Weber segment of the same fault.
Similarly, Porat et al. (1996) , using IRSL, report movements of a fault near Eilat, Israel with a recurrence period of about 4 ka from 37 ka to modern times.
In a variation on the earthquake theme, Singhvi et al. (1994) reported a feasibility study on the possibility of using the thermal or hydrostatic stress imposed on fault``gouges'' (sic) in the Kumaun Himalaya. The samples were apparently of unconsolidated material taken 0.5±1 m behind the exposed surface and were treated as sediments for the purposes of TL determinations. Clay mineralogy was used to estimate the temperature reached during the faulting but these results appear to us to be inconclusive. Ages of 38 2 8 and 44 24 ka were found for coarse and ®ne grains respectively at two distinct sites and these agree with a 14 C age of H50 ka for a nearby lake, which straddles the fault and is presumed to be associated with it.
The foregoing fault movements were all in relatively active tectonic zones, near the edge of plates, and the value for earthquake hazard evaluation is fairly obvious. However, little is known about earthquakes in a-seismic, mid-plate, regions and few precautions have been taken when building major structures in such regions. Five of the only eleven historically recorded earthquakes that have produced surface ruptures in a-seismic areas have occurred in Australia. Hutton et al. (1994) have shown that the time of the last previous movement of the fault that produced the 1988 earthquake near Tennant Creek, Northern Territory (Mercali scale 6.7) was at least 50 ka and probably above 70 ka ago. The same authors assign an age in excess of 150 ka for the creation of the Ash Ridge and Roopena scarps on Eyre Peninsula, South Australia, also in Archaean rocks.
Presumably, rock surfaces on which fault-generated slickenslides are visible will have been exposed to high stress, possibly sucient to reset the TL clock. We have not been able to locate references to this in the literature. Technically this is not a``sediment'' application but it seems to belong here.
It may be noted that Ikeya et al. (1982) had suggested using ESR for dating intra-fault materials. More recent work with ESR is summarised by Schwarcz (1994) .
There appears to be considerable scope for earthquake hazard evaluation by luminescence dating. The matter surely has prospects for collaboration with the insurance industry.
HOW OLD AND HOW YOUNG?
It seems appropriate to include here some assessment of the eectiveness of luminescence methods in dating very``young'' deposits and to discuss the present limits for ®nding``large'' ages. For the purposes of this discussion``young'' is taken to be less than 2 ka and``old'' greater than 200 ka. In fact, there is now a good collection of the former and rather few of the latter. We deal with the latter ®rst.
The oldÐthe problem of fading
Among the papers mentioned earlier, there are half a dozen references with examples of believable ages older than 200 ka (Balescu and Lamothe, 1992; Duller, 1994a; Bryant et al., 1994; Pillans et al., 1996; Juyal et al., 1997) . In addition there are two groups that can make a fair claim to match geologically determined ages towards 500 ka and possibly further Huntley et al., 1993a Huntley et al., ,b, 1994 .
In discussing long-term dating, we shall take as a starting point the use of undierentiated ®ne grains and separated feldspars. In an analysis of TL ages older than H100 ka, Berger (1994 Berger ( , 1995 concludes that feldspar mixtures are not ideal for such purposes. In such mixtures, the properties of individual grains may dier widely and, in particular, may have diering eective lifetimes.
In particular, as should already be clear from earlier sections, feldspars are liable to fading, both normal and anomalous, which leads to underestimates of the age when compared with independently validated ages. While this is a handicap at all ages, it is J. R. PRESCOTT and G. B. ROBERTSON 910 a critical issue for old sediments. This is illustrated by Fig. 7 , taken from Duller (1994a), for potassium feldspars, a paper that was discussed earlier.
Accordingly, while the topic of fading is also discussed elsewhere in the present volume (Wintle, Duller) , it is of such central importance to the practice of sediment dating that we shall now sketch the major issues.
Regardless of the particular dating method being used, i.e. TL or OSL, normal (thermal) fading is commonly dealt with by imposing one of a number of possible thermal annealing treatments, which have the eect of eliminating contributions from relatively shallow traps for which the excitation may overlap those from which the signal of interest originates. However, it is improbable that preannealing will eliminate traps subject to so-called anomalous fading. Spooner (1992 Spooner ( , 1993 Spooner ( , 1994 has contributed signi®cantly to the understanding of the management of samples containing feldspars by providing a better understanding of feldspar behaviour and the predictions that can be made as a consequence. This understanding is based on his own work and the earlier work of Visocekas on the characterisation of feldspars (set out in Visocekas et al. (1994) and in Visocekas and Zink (1995) ).
In essence, the clear advice of Spooner and Visocekas is that anomalous fading cannot be circumvented by any existing laboratory procedure, such as preheating, because it is a quantum mechanical tunneling process and largely immune to thermal eects.
While fading is clearly associated with feldspars in general, it is not found in all of them, and eective dating may still be possible provided that monitoring is carried out. Such monitoring may, to paraphrase Spooner (1994) , take the form of: The criterion for acceptance of a sample is that the slope of a line through the data points does not differ statistically from zero. Failure of the test is a cause for rejection of the sample.
Spooner's own test data cover up to a full year and he remarks that this procedure is tedious and perhaps not practicable over such a length of time. Two months is described as an optimum time. He suggests an alternative: since the anomalous fading is due to quantum mechanical tunneling, it is accompanied by fading phosphorescence at liquid nitrogen temperature immediately after laboratory irradiation and can be identi®ed on this basis. Either way, identi®cation of anomalous fading requires signi®cant laboratory eort.
While fading is not con®ned to any particular part of the feldspar ternary diagram it becomes more likely with increasing calcium content (Akber and Prescott, 1985; Akber, 1986) and is least likely for the extreme end members of the alkali feldspar family (Spooner, 1993) . If a low-potassium feldspar SEDIMENT DATING BY LUMINESCENCE turns out not to fade, there is a bonus that the dosimetry is simpler. Thus, the choice of high-potassium feldspars, which can be separated by¯otation with heavy liquids, would appear to be a useful ®rst step in pushing the limit of luminescence dating backwards in time.
Since there is no con®rmed evidence that quartz suers from anomalous fading, it would appear to be another preferred dating material, although a preheat is needed to eliminate short-lived components after irradiation. The disadvantage for determination of large ages is that the signal saturates earlier than the best feldspars: it becomes non-linear at 30 Gy and usually saturates before 150 Gy. The eective age limit may well be in the region 100± 200 ka, but older if the dose rate is low.
In the light of this, it is necessary to examine what appear to be the two most successful attempts so far to push age determinations in the direction of a million years Huntley et al., 1993a Huntley et al., ,b, 1994 . Berger et al. (1992 have carried out tests for TL ages using 4±11 mm loess grains from New Zealand and Alaska measured against known-age deposits spanning the age range 20.22 1.6 ka to 800 240 ka. Their 1992 paper is a summary of most of the material subsequently presented in considerable detail in the 1994 paper. We shall base our discussion primarily on the latter paper. Berger (1994) has also discussed this material.
Measured agesÐloess
The declared intention of these authors was to apply as wide a range as possible of dating protocols to this independently-dated set. A variety of dierent treatments was applied to ®ne grain loess samples from 18 sites. These treatments included additive dose, total bleach, partial bleach and partial bleach (regeneration) methods. The TL emission was viewed using one of UG11 (ultraviolet), BG28 (blue) or 500 nm (interference) ®lters, and there was a variety of optical bleaching and pre-readout heat treatments. Not all permutations of these variables were applied to all samples. On the basis of which procedures yield an age in accordance with expectation it was an objective of the work to draw conclusions about which methods are acceptable. In the circumstances, it should not be regarded as criticism that not all methods were successful.
One of the authors' requirements is that there should be an equivalent dose plateau, a requirement with which we agree. Among the 74 cases shown in their Table 4 , a number displayed no equivalent dose plateau or it was ambiguous. Many of these came from samples where the regeneration method of analysis was used. Nevertheless, 41 cases yielded well-de®ned ages with stated errors. Figure 8 reproduces Figure 3 of Berger et al. (1992) which we have updated by means of . We have added material from the latter and taken the liberty of omitting two points that do not satisfy the plateau test (from QTL-71H, RTAT-13). Since the scale of Fig. 8 does not leave enough space for 12 ages between 20.5 and 26.5 ka, these are merely indicated on the ®gure. However, none of this group of ages lay within one standard deviation of expectation. As the authors pointed out, all but three were low, mostly by a substantial fraction; and they attribute this to modi®cation of the deposits by incorporation of other material subsequent to the original deposition. They appear to have been just plain unlucky with their low-age sites.
Examination of Fig. 8 shows that there appears to be only limited common ground among the methods used in ®nding ages that match expectation. Total bleach (open symbols in Fig. 8 ) may well be preferable for ages above 300 ka, but there appears to be little to choose between total bleach and partial bleach (solid symbols) in the age range below 300 ka.
It does not seem possible to conclude (as the authors do) that recording with blue emission (BG28 ®lter, triangles) is to be preferred to ultraviolet (UG11 ®lter, circles), for samples of any age. So far as the use of 500 nm (squares) as an observing wavelength is concerned, there are not enough samples to draw a conclusion.
Berger et al. make the interesting suggestion that an age determination less than 300 ka may be acceptable if partial bleach and total bleach methods give the same answer, but there do not appear to be enough examples to establish this, one way or the other. Figure 8 shows that a number of their age determinations on loess have been successful in yielding ages in agreement with independent ages and that these extend to about 800 ka. There is, in our view, still not a demonstrably consistent methodology that will yield reliable ages for loess over this age range. There is an earnest of success but further work is clearly called for.
Measured agesÐquartz
As described in Section 2.3 on comparisons, a suite of ages has been found by coarse grain quartz TL for a sequence of ranges which run roughly parallel with the coast in the south-east of South Australia (Huntley et al., 1993a (Huntley et al., ,b, 1994 .
In summary, they represent relict sand dunes left behind on a slowly rising land surface by successive interglacial incursions of the sea at roughly 120 ka intervals. Comparison with ages established on independent geological grounds allows a test of quartz TL ages that is believable back to 500 ka. Older than that, the data by the same procedures sometimes fail to produce an age. However, ages near the Brunhes±Matuyama reversal (780 ka) are obtained, though with limited accuracy (Fig. 9) .
In a piece of serendipity, Huntley et al. (1993b) found that IRSL can be detected from the samè`q uartz'' extracts that were used for TL. Since pure quartz does not respond to IR (it is commonly used as a test for purity of separation) it was concluded that there are inclusions within the quartz and these were supposed to be feldspar (although other minerals are also known to occur as inclusions). IRSL ages were obtained for some of the same dunes as were dated by TL.
We have plotted all published ages from this dune system in Fig. 9 . In this ®gure the luminescence age is plotted against the age of the corresponding dune as determined on geological grounds by Belperio (1995) . Belperio allocated each dune to an oxygen isotope stage, from which the age itself follows. In Fig. 9 these ages come from the d 18 O record of Shackleton et al. (1990) . The points are plotted at the age corresponding to the largest value of d
18 O for the stage in question. The numerical values of these ages dier slightly from those of Belperio, who used the isotope chronology of Williams et al. (1988) adjusted for the Brunhes± Matutyama boundary from Spell and McDougall (1992) . . TL ages for the fossil dune system from the southeast of South Australia. The ®gure contains all the ages given in Huntley et al. (1993a Huntley et al. ( ,b, 1994 , including zero age determinations on modern samples from the same sequence. The solid circles are TL ages for 100 mm quartz, the open circles are from IRSL for inclusions within the same grains. A group of ®ve ages plotted schematically at H120 ka covers the observed age range 114±132 ka. The luminescence ages are plotted against ages independently derived on geological grounds by Belperio (1995) who identi®ed the ranges with oxygen isotope stages. The diagonal line shows a 1:1 age correspondence.
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The TL ages are in good agreement with expectation, apart from the point at the TL age of 720 ka. This dune is tentatively assigned to isotope stage 25 by Belperio, which sets its age at about 950 ka. It is tempting to interpret the evident mismatch of this pair of TL and expected ages as a signal to recheck the ®eld evidence for either the identity of the sample or the identity of the dune.
IRSL ages are found to correspond correctly to d
18 O stages back to 200 ka (Huntley et al., 1993b) , although a trend to be low can be discerned. Beyond 400 ka, work in progress (Huntley, personal communication) shows that IRSL ages fall consistently below the geological ages. This is consistent with fading, as might be expected if the inclusions are feldspar.
So far as the quartz TL results are concerned, two features made it possible to ®nd ages as old as these, notwithstanding the normal tendency of quartz to saturate. These are: (i) the dose rates are very low, of the order of 0.5 Gy ka À1 and (ii) the growth curve continues to rise quasi-linearly at large doses (say beyond 300 Gy) so that the additive/regenerative dose curves can be matched. The exact reason for the rise at large doses is not known. Dutkiewicz and Prescott (1997) show quartz growth curves with the same behaviour. Although geographically remote from those just discussed, some of their samples could have been derived from the same original source material. Chawla et al. (1992) have also found similar high dose behaviour in quartz samples from the Thar desert. They have not sought to ®nd ages from doses in this region of the growth curve. However, they ®nd the same sort of mismatch between additive and regenerative data as found by Huntley et al. (1993b) and it plausibly has the same interpretation.
Old samplesÐsummary
For those wanting to use luminescence dating in the 0.3±1 Ma region, the best advice may be to use total bleach TL on quartz, or TL/IRSL on high-K feldspar if lack of fading has ®rst been con®rmed. A low dose rate would help.
Furthermore, a better understanding of the luminescence physics of quartz and feldspars is needed before luminescence dating can be con®dently extended to beyond 500 ka and subsequently to 1 Ma.
The young
At the young end of the time-scale, ages less than 1000 years are easily measurable for sediments and, under favourable conditions, zero age to perhaps a 100-year 2-sigma limit. On this time-scale luminescence dating, particularly optical dating, may well prove superior to 14 C because of calibration uncertainties for radiocarbon in this time period.
In measuring young ages, fading may be less of a problem and the essential question is whether there is enough signal to provide a good signal-to-noise ratio. In sediment dating where the zeroing agent is bleaching but the readout procedure involves heating, there is always a signi®cant residual on which the signal of interest is superimposed. This is the case even when exposure to light is prolonged (see also McKeever, this volume). An exception is the rapidly-bleaching peak in quartz, which is itself reduced to an eective zero, although it may be sitting on the shoulder of the slowly-bleaching peak (e.g. Franklin et al. (1995) , their Figure 4(b) ).
Whether an age can be found depends not only on the size of the residual but also on whether the sample is bright enough and the equipment sensitive enough for the signal to be separated from it. Feldspars should be better than quartz for this purpose but they lack rapidly bleaching peaks (Robertson et al., 1991 (Robertson et al., , 1993 and this is likely to limit the lowest age achievable by TL for them. In either case, it is obvious that environments with high dose rates will be easier to date than those with low dose rates.
An example of a near-zero age determination by thermoluminescence (as distinct from OSL) is to be found in the paper by Ollerhead et al. (1994) where the age is compared with that obtained using IRSL dating of the same samples of potassium feldspar from Buctouche Spit, New Brunswick, in the age range 0±1 ka. have obtained TL ages of 0.00 2 0.06 ka using selective bleach and 0.13 20.04 ka using total bleach for a surface sample of quartz in central Australia.
Optical dating is largely immune to the problem of residuals. The zeroing process by light removes virtually all the electrons from the traps from which the OSL signal comes; and the signal on which the age determination is based is superimposed on a negligible or very low residual. Even if the natural light bleaching exposure was not enough to completely remove all electrons from some traps, optical stimulation does not interrogate these so that they do not add to the background. This applies both to GLSL and IRSL. In these cases, the small amount of residual will be of concern only to those pushing for ages very close to zero.
An important reservation should be voiced here. Preheating may cause thermal transfer of electrons into those trap(s) giving rise to OSL from a trap or traps not directly involved. Some of these retrapped electrons contribute to the OSL signal. The importance of this extra contribution depends on the particular circumstances but a scenario in which it could easily distort the outcome would involve a young sediment which has been exposed to enough light to reset the (easily bleached) OSL source levels J. R. PRESCOTT and G. B. ROBERTSON 914 but not enough to empty all levels. The eect may be seen when a non-zero readout may be found, after preheating, for a sample previously bleached to zero. In general, the relative importance of the eect will be greatest for very young samples.
This eect was ®rst noted by Huntley et al. (1985) in their seminal OSL paper. Since then, it is mostly papers from the Huntley stable which have taken it into account: Godfrey-Smith et al. (1988) ; Huntley et al. (1993b) ; Ollerhead et al. (1994) ; Lian et al. (1995) ; Huntley and Clague (1996) . The last of these references gives a contemporary account of the eect and corrections to be applied for it. A similar approach was reported by Rhodes and Pownall (1994) . Table 2 , which is reproduced from Murray (1996) , shows that ages in the range 0±2 ka are measurable by OSL and phototransferred luminescence of quartz with a precision of better than 10%. Murray is discussing water-laid¯ood deposits from Tuggeranong Creek, a tributary of the Murrumbidgee River near Canberra.
Other examples of young ages from diering geomorphological environments are: IRSL ages for Holocene Mojave Desert aeolian sands (Wintle et al., 1994) , Buctouche Spit, already mentioned above (Ollerhead et al., 1994) , Canadian inland Holocene sand dunes (Wolfe et al., 1995) , NW England coastal dunes (Pye et al., 1995) and Tsunami deposits (Huntley and Clague, 1996) . Explicit discussion of low-age dating is found in papers by Berger (1995) , Murray (1996) and Duller (1996b) .
PERSPECTIVES, PROBLEMS AND PROSPECTS
It seems appropriate to set out in summary form some of the issues that appeal to us as relevant to the actual practice of luminescence dating of sediments.
Validation
It is clear that there is still a great deal of empiricism, not to say necromancy, in the approach to luminescence dating. We recall the quotation from Macbeth with which this paper began. There is a tendency to say,``Let's try method A or method B and if it gives the age we expect, then let's use it''. To do this one has to have an independent and trustworthy age with which to compare the luminescence age. It may well be argued that if you already know what that age is, then there seems little point in doing luminescence dating at all! The justi®cation is that you, and others, will have enough con®dence to be able to use the method again in the future in circumstances for which no comparison exists.
There is something unsatisfying in picking out a handful of correct ages from a large array of incorrect ones. In the last analysis, con®dence in applying luminescence dating and believing the results depends ultimately on understanding the physical characterisation of the properties of the minerals.
However, there will always be a case for comparisons among dating methods. The time has not yet come when luminescence dating alone can be relied upon for ages from zero to a million years in any arbitrary environment, wet or dry. So, where should we be most con®dent and where most cautious?
Zeroing
After heating there is rarely any doubt about whether the luminescence signal was set to zero. However, resetting to zero is by no means certain when the mechanism is bleaching by exposure to light. The article on methodology (Wintle, this volume) describes various protocols designed to overcome this uncertainty.
The general features of bleaching have long been known and were discussed, for TL, by Wintle and Huntley (1982) in their original work and were compactly expressed in their requirement that a dat- After Murray (1996) . a Calibrated ages of 300 (150±430), 345 (310±510) and 1940 (1700±2300) years BP, where the ranges given in parentheses are at 1 sigma (Stuiver and Reimer, 1993) . The oldest date (by AMS) was on ®ne disseminated charcoal, the younger dates used larger discrete pieces of charcoal.
b D e and dose rate uncertainties are one standard error on the mean (i.e. random component only). c 938007 includes a cosmic dose rate of 0.31 mGy yr À1 , rather than the 0.17 mGy yr À1 used for all other samples, and the gamma dose has been reduced by 352 5%.
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While it is the behaviour in the ®eld that matters in the long run, laboratory bleaching studies of the materials used for dating have been of obvious relevance. In summary, such studies show that TL at all glow-curve temperatures for both quartz and feldspar (and mixtures of them) is reduced to a stable, low, but not zero level in times of the order of 24 h of full sun. It is necessary to determine what this level is in order to carry out quality dating.
Bleaching of the 3258C TL peak of quartz to an essentially zero level takes place in tens of seconds in laboratory samples and in no more than minutes in surface samples in open ®eld conditions, where the grains may not be laid out in single layers and may have a surface coating that attenuates solar radiation. OSL in quartz is almost certainly from the rapidly bleached level or levels. Thus, GLSL, or one or other of the selective bleach TL protocols that exploit this level, will give ages that are least subject to uncertainty about the degree of bleaching.
Bleaching of the infrared stimulated component is perhaps a special case. It is zeroed (with diering eectiveness) by all incident wavelengths but notably at the resonance around 880 nm/1.4 eV, the same photon energy that is used for readout. There are implications for collecting and laboratory handling of samples for IRSL.
There is ®eld evidence from many places that virtually complete zeroing can occur. Most open sites subject to frequent sunlight would qualify if they also satisfy the criterion of zero luminescence for zero age. The protocol used can then be the total bleach method, with allowance for the residual TL. This applies to quartz, separated feldspar and undierentiated ®ne grains.
In other cases there is clear evidence that zeroing has been incomplete and/or there is an expectation to that eect. In such cases the partial bleach method and its variations, which restrict the measurement of TL light to that fraction which is most easily bleached, are appropriate. It can be applied to any of the materials currently extracted for dating.
One should be wary of sediments deposited by or under water or in heavy shade, since they are those most subject to uncertainty in the degree of resetting. Apart from uncertainty in the environment before the sediment grains entered the water, water itself attenuates the most eective wavelengths and this increases with increasing depth of the water column. A heavy burden of sediment causes selfscreening. OSL with partial bleach is the preferred protocol, together with thoughtful attention to the procedures to use in laboratory bleaching with the aim of emulating natural conditions. We can oer little encouragement for routine dating of glacial and¯uvioglacial deposits. This is still a research area.
Fading
If feldspars or undierentiated ®ne grain mixtures are used, it must be assumed that some of the signal may be subject to fading. This was discussed at length in Section 9.1, where it is stated that the quality of such ages can be improved by imposing a preheating procedure. While this empties relatively shallow traps it does not eliminate the eect of traps subject to anomalous fading.
Following Visocekas and Spooner (see Section 7), we contend that anomalous fading cannot be circumvented by any existing laboratory procedure, preheating in particular. It follows that dating procedures should include speci®c tests to identify anomalous fading. These may take the form of a direct test for fading itself or detection of the postirradiation phosphorescence associated with tunneling. Selection of high-K feldspars improves the probability of avoiding fading.
Further physics-based research into the causes of fading and methods of coping with it is called for.
Since there is no con®rmed evidence that quartz suers from anomalous fading, it would appear to be a preferred dating material, although a preheat is needed to eliminate short-lived components of the glow curve after irradiation. The disadvantage of quartz for determination of large ages is that it saturates earlier than the best feldspars.
Generating the data
Among the choices to be made in ®nding the equivalent dose is the question of the wavelength at which observations are made. Good cases can be made for all the following recommendations:
by Krbetschek et al. (this volume) as part of the measurements for actual dating.
Single aliquot analyses have been developed to reduce the variability between nominally identical aliquots of the same sample and to assess and allow for the possibility that older (or younger) materials have been incorporated into the sample, thereby distorting its age. This protocol has now been suciently developed that it can be recommended. It is a mistake to suppose that it saves time if its full value is to be exploited. It clearly works well on samples with linear dose responses. Whether it has limitations at very small or very large ages, where growth curves may be non-linear, has still to be demonstrated.
The single grain variant is still under development and awaits further research.
Aspects of data analysis
There is a substantial body of literature in which the additive dose analysis procedure is compared with the regeneration procedure and their relative merits adduced. Often, regeneration gives a smaller value than additive dose and this is interpreted as evidence of a change in sensitivity with bleaching, which forms part of the latter. Additive dose is then preferred.
We have no diculty with the idea of using differing measurement techniques for diering age ranges or for diering classes of samples. We accept that diering methods of analysis of the data may apparently give diering ages but we do not agree that one should be ipso facto preferred to the other.
Suppose, for the sake of argument, that OSL or TL, or whatever, is systematically aected by fading. This will have an impact on all the data collected, regardless of the method of analysis subsequently used. If, then, the additive dose procedure gives``correct'' ages while the regeneration method does not, it is at least open to argument that regeneration has not been correctly applied or that the``correct'' additive age is the product of two compensating errors. We are inclined to discount (respectfully) many of the conclusions drawn from comparisons of additive and regeneration analyses.
We wish to restate a philosophy, ®rst stated by Readhead (1982 Readhead ( , 1988 and further developed in the Adelaide and Simon Fraser laboratories, intended to reconcile these dierences.
The use of additive dose makes an assumption about the mathematical model to use for the necessary extrapolation of the growth curve. It is commonly, but not always, assumed to be a saturating exponential. For samples approaching saturation the extrapolation is perilous in the extreme and the scope for error is disquieting.
The shape of the``missing'' part of the growth curve is conveniently provided, without assumptions about the actual model, by the same set of measurements as is needed for the regeneration method. The two methods can be combined in what has been called the``Australian Slide'' method . This procedure ®ts a curve to the regeneration data statistically, then``slides'' it along the dose axis until a best ®t is obtained with the additive dose data. Tests of the ®t are carried out to see if there was a signi®cant sensitivity change in the former; and then the two sets of data are ®tted jointly to give an estimator for the dose shift. Correction for residual luminescence is an option, as is the choice of ®tting function and the acceptance, or otherwise, of a correction for sensitivity change.
We make no apology for this advocacy, for the reasons given in the original reference. When we use it, we also estimate the factor that expresses the change in sensitivity after bleaching. If it does not dier statistically from unity we set it to unity and reprocess the data. If not, we reject the data set.
However, some might ®nd it acceptable to correct for the apparent sensitivity change in the use of the Australian Slide method because the sensitivity factor is estimated objectively as part of the procedures.
Dose rates
With dating limits being pushed ever further back, a time pro®le of the environmental radiation giving rise to the stored luminescent energy needs to be constructed. The water content may not have been constant and the sediment may have become compacted. These, and mobility of relevant radionuclides, particularly down the pro®le of the sediment, may make the dose rate a variable function of time. The contribution of cosmic rays to the dose rate needs to be added, although it is usually small. For long sequences, or for shallow accumulating sequences, the cosmic ray dose rate has not remained constant.
Particularly at wet sites, radioactive disequilibrium must also be considered. Redundant determinations of dose rate, by more than one technique, should give this information but are useful in any case. If one of them is ®eld scintillometry, carried out at the time of sample collection, little extra time is necessary and a completely independent estimate of dose rate is obtained. High-resolution gamma and alpha spectrometry give more detailed information about disequilibrium but are time-consuming and/or expensive.
In summary, equilibrium should never be assumed in luminescence dating and disequilibrium is almost guaranteed in wet environments, including those that were wet in the past. For any but very SEDIMENT DATING BY LUMINESCENCE 917 simple environments, a dose rate history should always be determined, wet or dry.
Telling the world
On the matter of presentation of results, we strongly suggest that workers follow the excellent example of Huntley in the way in which luminescence ages are reported. Such practice follows the original suggestions of Wintle and Huntley (1982) . This means the showing of dose curves, glow curves and D e plateaux for all TL ages; and dose curves, depletion curves and time plateaux for OSL. Zero age samples should be included in the test programme and should return zero age. There should be redundancy in dose rate determinations. Such practices are well exhibited in Lian et al. (1995) , which we commend.
